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			Abstract 



Organocatalysts and Transition Metal Complexes Catalyzed C-O, C-C and C-N Bond Forming Reactions and Mechanistic Investigations Using Computational Analysis

The thesis is divided into five chapters and covers three broad areas of chemistry: (a) organic transformations catalyzed by small organic molecules (Organocatalysis) and (b) organic transformations catalyzed by metal-ligand systems and (c) computational analysis of the metal-ligand interactions to gain structural insights and the reaction mechanism. The thesis, which begins with an introduction (Chapter 1), followed by 4 chapters is outlined here.


                                        Organization of the thesis



The aim of the research is described in chapter I. Chapter II describes D-proline catalyzed pharmaco-divergent synthesis of biologically active molecules. D-Proline is employed as an organocatalyst for asymmetric α-aminoxylation of phenylacetaldehyde with nitrosobenzene, to obtain highly enantioselective 2-phenyl-2-hydroxyethanol. This serves as a common intermediate for synthesis of biologically active molecules of diverse functionalities and pharmacological properties. The molecules synthesized are Levamisole, (R)-fluoxetine, (R)-norfluoxetine, (R)-atomoxetine, and κ-opiod receptor precursor (CJ-18,027). In Chapter III(A), chiral benzimidazole derivatives of proline were synthesized. The ability of these derivatives in promoting both Aldol and Michael addition reactions were also presented. In Chapter III(B), various achiral benzimidazoles were synthesized and applied for the Pd catalyzed Heck reaction of aryl halides and acrylates. Chapter IV describes N-arylation reaction of aryl halides with azaheterocycles catalyzed by preformed (-)-sparteine/CuI dimeric halo bridged complexes. Further, computational analysis of the metal-ligand interactions were carried out using Density Functional Theory using ADF package to gain structural insights and explore probable role of the ligand in promoting the N-arylation reaction. In chapter V, a computational study of ligand interactions with hafnium and zirconium metal complexes which occur in the liquid-liquid extraction of these metals from their aqueous solutions is presented. Gaussian 98 and Amsterdam Density functional software programs were applied for the study. 
CHAPTER-I
This chapter describes the importance of catalysis in industrial processes to effect various organic transformations. It includes a brief introduction to homogeneous and heterogeneous catalysis. The chapter introduces the concepts of chirality, various natural and unnatural sources of chiral building blocks for the synthesis of biologically active molecules. The chapter also discusses the concepts of asymmetric synthesis and various means of achieving the enantiomerically pure products. Further, the role of nitrogen ligands in effecting a variety of organocatalytic and transition metal catalyzed organic transformations is presented. This chapter also describes the importance of copper in effecting various C-C, C-N, and C-O bond organic transformations. 

CHAPTER-II

D-Proline catalyzed Stereoselective Synthesis of Levamisole, (R)-Fluoxetine, (R)-Tomoxetine, (R)-Nisoxetine, (R)-Norfluoxetine, and κ-Opioid receptor precursor (CJ-18,027) via Common Chiron Strategy.
This chapter deals with the application of D-proline catalyzed α-aminoxylation method in the synthesis of various biologically active drug molecules. Recently C2-Chirons having chiral 1,2-diol moieties turned out to be of considerable interest of research, since this structural moiety is widely found in biologically active natural products and synthetic pharmaceuticals. It is a versatile and efficient starting material for synthesis of molecules of high biological importance. This is the only organocatalytic approach leading to α-hydroxyaldehydes in high enantiomeric purity, while methods are shown where the oxidation of preformed enolates are performed from aldehyde-derivatized with chiral auxiliaries. Recent advances in the chemistry of enamines has emerged as a powerful alternative for the ubiquitous carbanion chemistry, where chiral amines were employed to mimic enzymatic catalysis leading to the utilization of aldehydes as donors to form C-O bonds. 



Scheme 1: D-proline catalyzed α-aminoxylation.
The targeted the C2-chiron, (S)-1-phenyl-2,3-ethanediol, was synthesized in high enantiomeric purity by D-proline catalyzed α-aminoxylation of phenylacetaldehyde under mild reaction conditions (Scheme 1). This was then used as a chiron to demonstrate simple and elegant method of “common precursor strategy” for the synthesis of series of stereochemically related and biologically divergent pharmaceutically active block buster drug candidates like: levamisole having a fused ring system; (R)-fluoxetine and it’s analogs (R)-norfluoxetine, (R)-nisoxetine, (R)-atomoxetine which share 1,3-aminoalcohol as a common structural motif, and opioid receptor precursor (CJ-18,027). All the products were obtained with high enantiomeric excess (Scheme 2).

 













Scheme 2: Synthesis of biologically active drug molecules from C2-chiron diol using a common precursor strategy.
CHAPTER-IIIA
Synthesis of Chiral Benzimidazole-Pyrrolidine Derivatives and their Application in Organocatalytic Aldol and Michael Addition Reactions.
β-Hydroxy carbonyl and 1,3-diol units are frequently found in complex polyol architectures of natural products and have attracted a great deal of attention from synthetic organic chemists. The aldol reaction is a useful and concise method for preparing these units from two carbonyl compounds such as a ketone and an aldehyde or an aldehyde with an aldehyde. Over the past half decade, rapid progress has been made in the development of enantioselective aldol reactions: from the utilization of “preformed and stereo defined stable enolates” (e.g., irreversibly generated metal enolates such as silyl, borane, titanium, and tin enolates) to “in situ formed labile enolate synthons” There have been numerous reports on small-molecule catalyzed direct aldol reactions using the latter enolate equivalents. In particular, “the discovery of the versatile catalytic nature of proline occurring via enamine intermediates” has undoubtedly been the biggest breakthrough in this field of research.
Michael addition is another important reaction which generally proceeds via carbon nucleophiles attack on the electrophiles and unsaturated carbonyl compounds. The carbonyl nucleophile that generated from active methylene centre such as malonic acid esters, -ketoesters or nitroalkanes have been studied in Michael addition reactions. Much progress has been made in the development of asymmetric variants of this reaction, providing the high enantiopurity. Carbonyl compounds which are converted into a more reactive species such as enol or enamine equivalents are generally used as donors. Among the various Michael acceptors, nitroalkenes are very attractive candidates.
In this regard, various chiral benzimidazole-pyrrolidine derivatives (Figure 1) are synthesized and preliminary investigations on organocatalytic aldol and Michael reactions are presented.




Figure 1: Pyrrolidine-benzimidazole ligand.
The synthesis of pyrrolidine-benzimidazole was readily performed by the reaction of N-benzylproline and aromatic diamine using ethyl chloroformate to give an amide. The amide could be cyclized to benzimidazole in acetic acid at room temperature. Pd(OH)​​2 debenzylation of the cyclized product under hydrogen atmosphere proceeded smoothly to afford the target molecule. All the three ligands were prepared according to the common general procedure. The scope of these ligands was then evaluated by their application in direct asymmetric aldol and Michael addition reactions. The aim of the study is to investigate the effect of R-group of the benzimidazole ring on the yields and enantioselectivities of the reaction.








Scheme 3: General procedure for the synthesis of pyrrolidine-benzimidazole ligands.
From the results of aldol reaction, it was concluded that the efficiency of the organocatalysts depends on the R-group of the benzimidazole. The benzimidazole ligand with ester group has shown positive effect which might be due to the electron withdrawing property of the ester, which makes the imidazole N-H proton more acidic compared to 3a and 3b, resulting in the stronger H-bond with the aromatic aldehyde in the transition state.




Scheme 4: Aldol reaction of acetone and arylaldehydes catalyzed by pyrrolidine-benzimidazole ligands.
In case of Michael addition reaction the ligand 3a was found to be more effective.




Scheme 5: Michael addition of various aromatic nitrostyrenes with cyclohexanone catalyzed by pyrrolidine-benzimidazole ligands.

One of the significant findings of these studies is the scope for the development of the pyrrolidine-imidazole catalysts with tunable electronic properties. This property in turn paves way for the further development for achieving good enantioselectivities by changing the substitutions of the benzimidazole moiety and also holds scope for the heterogenization of the ligand.


CHAPTER IV
Bis(μ-iodo)-bis((-)sparteine))dicopper(I): A Versatile Catalyst For Direct N-Arylation Of Diverse Nitrogen Heterocycles With Haloarenes.
Over past few decades there have been significant advances in metal catalyzed cross-coupling reactions for the formation of aryl-carbon and aryl-heteroatom bonds, which have led to more efficient synthetic protocols for compounds like N-arylheterocycles that have important biological, pharmaceutical, and material properties. A significant number of N-arylimidazole derivatives have been reported to have biomedical applications.  The key to the success in this area has been the in situ utilization of special nitrogen ligand additives along with copper (I) precursor salts as catalysts. Although the methods are versatile and applicable to variety of heterocycles such as azoles, indoles, pyrroles, and pyrazoles, the scope is limited to the use of expensive arylating agents, such as aryl iodides and aryl bromides.
The present work is focused on developing a versatile catalyst system which can overcome the above limitations and promote the reaction of aryl halides with imidazole, pyrazole and benzimidazole. For this purpose, easy-to-prepare dimeric bis(μ-iodo)bis((-)-sparteine)dicopper(I) complex has been used as a versatile catalyst for N-arylation of number of HN-heterocycles with structurally divergent aryl halides including activated aryl chloride substrates under mild conditions. To better understand the mechanistic aspects of the N-arylation reaction with the present system, Density Functional Theory based ab initio calculations was executed using ADF package. The DFT studies not only provide structural insights into square-pyramidal Cu(III) intermediate complexes derived from (-)-sparteine, but also highlight the important role of sterically demanding (-)-sparteine ligand framework in promoting activation of aryl-chlorine bonds for N-arylation of imidazoles.  





Scheme 6: N-arylation of NH-heterocycles with various haloarenes catalyzed by preformed bis(μ-iodo)bis((-)-sparteine)dicopper(I)
In the hope of broadening the scope of N-arylation protocol, it was decided to check efficiency of the catalyst system with a wide range of aryl iodides, aryl bromides and aryl chlorides substrates. A plausible mechanism for N-arylation is proposed to account for the experimental observation that aryl chlorides form excellent substrates for cross-coupling with imidazole with Cu/(-)-sparteine catalyst system. As seen in Figure 1, first an oxidative addition of aryl chlorides to Cu(I)/(-)-sparteine complex occurs, and that results in square-pyramidal Cu(III) intermediate A. 











Figure 2. Proposed pentacoordinate Cu(III) intermediates in the mechanistic scheme for bis(μ-iodo)bis((-)-sparteine)-dicopper(I) catalyzed N-arylation of imidazole using aryl chlorides. 
This intermediate, upon nucleophilic displacement reaction of iodide ion by imidazole anion, could result in intermediate B.  It is to be noted that the structural features of Xifra’s pentacoordinate [CuIII(L)Cl]+ [ClO4]- complexes are very similar to the proposed Cu(III) intermediate, B in particular, without counter anions. 

CHAPTER V
A Computational Study of Ligand Interactions with Hafnium and Zirconium Metal Complexes in the Liquid-Liquid Extraction Process.
The design of new ligands for efficient separation of cations in general, and metal cations in particular, is very important and challenging task given the heavy emphasis placed on decreasing the environmental problems present in the existing cation extraction technologies. One of the most widely used technologies for these metal ion separations is the liquid-liquid extraction from their aqueous solutions with an organic solvent.  The better understanding of information concerning the both the nature of guest-host interactions and their binding (or interaction) energies as well as their conformational features of metal-ligand complexes are of paramount importance from the viewpoint of designing new extractants or improving the existing ones, particularly, with emphasis on green technologies.  In this regard, theoretical studies using quantum chemical principles has been shown to be very promising for the quantitative predictions of the stability and geometrical parameters of extractant-metal complexes, particularly, for the lanthanide and other metal series.
In the second and third transition series, the separation of Hf and Zr presents a challenging task due to the near similar chemical and physical properties of the two metals. There are three widely used processes for the separation of these metals out of which two of them, namely the MIBK and TBP processes, are based on liquid-liquid extraction (Scheme 7).









Scheme 7: Extraction process for Hafnium and Zirconium.

With the general view of understanding the interactions of these metal complexes with the solvents and with the more specific aim of developing an efficient extractant, the theoretical studies have been conducted. The aim was to obtain the quantitative picture of the interaction energies (primary interactions), which will give an insight into the nature of Zr/Hf interacting with TBP/MIBK. While the intention of the work was not to explain the exact extraction sequence, but address some questions like: what are the molecular level interactions (gas phase) of Zr and Hf complexes with the P=O group and the C=O groups, and what conformations do these complexes adopt with the ligands. For this some energy terms were defined, which were useful for understanding the difference in the stability of Hf and Zr complexes. 
Utilizing many experimental observations such as neutrality of the complex, tetravalency, and disolvation, the problem of Hf and Zr separation was studied using the ab initio Hartree-Fock method and the density functional method (DFT). For the DFT method both Gaussian 98(G98) software, which uses Gaussian orbitals, and also the Amsterdam Density Functional package (ADF), which is based on the Slater-type orbitals were used. In this study the gas-phase interaction energy of the Hf/Zr complex interacting with the ligands was used as the model for understanding the extractions and stabilities. The relative energies of the stabilization in Hf and Zr complexes at their lowest energy conformations have been calculated, which turn out to be similar geometries, and thus compared stabilizations of Hf and Zr having equal nonbonded interactions. These studies show that at the molecular level (primary interaction), it is the Hf complex that has larger stability in acetone and TMP solvents, thus indicating that in Hf and Zr solutions which are not complicated by aggregation and polymerization of the metal complexes, Hf would be extracted preferably into the organic solvent. It is concluded from this study that the gas-phase interaction energies are sufficient to significantly discriminate Hf and Zr complexes and thus can be used to explain Hf and Zr separation.

Significant Achievements
	C2-chiron, 1-phenyl-2,3-ethanediol, synthesized in high enantiomeric purity by D-proline catalyzed α-aminoxylation of phenylacetaldehyde under mild reaction conditions and its utility demonstrated by the viability of “common precursor strategy” to synthesize a series of stereochemically related and biologically divergent target molecules of high commercial value.
	Evaluation of benzimidazole ligands with tunable electronic properties for Heck, asymmetric aldol and Michael addition reactions. 
	Bis(μ-iodo)-bis((-)sparteine))dicopper(I) for highly efficient N-arylation reaction of aryl halides and azoles, and valuable insights into the mechanism of the reaction using computational analysis.
	Explanation of the process of separation of Hafnium and Zirconium metal salts form aqueous media using computational studies, providing scope for the development of more selective extraction processes. 
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